Background/Aims: Anaplastic thyroid cancer (ATC), with 25% BRAF V600E mutation, is one of the most lethal human malignancies that currently has no effective therapy. Vemurafenib, a BRAFV600E inhibitor, has shown promise in clinical trials, including ATC patients, but is being hampered by the acquisition of drug resistance. Therefore, combination therapy that includes BRAF V600E inhibition and avoids resistance is a clinical need. Methods: ATC cell lines 8505C
S100A4 Knockout Sensitizes Anaplastic

Introduction
Thyroid cancer are the most common malignancy of the endocrine system [1] .Welldifferentiated thyroid carcinomas account for > 90% of all thyroid cancers and include papillary (PTC) and follicular carcinomas (FTC), which typically have an excellent prognosis. Undifferentiated (anaplastic) thyroid carcinoma (ATCs) accounts for 2% to 5% of all thyroid cancers, but accounts for 14-39% of thyroid carcinoma deaths and the median survival of 6 months [2, 3] . However, there are few interventions that have improved survival. Therefore, alternative systemic treatment for ATC are urgently needed.
The Ras/Raf/MAPK kinase (MEK) /MAPK/ERK (MAPK) pathway, driven by the BRAF V600E mutation and other genetic alterations, plays a fundamental role in thyroid tumorigenesis [4] . The phosphatidylinositol 3-kinase (PI3K)/Akt pathway, driven by various genetic alterations similarly plays an important role in thyroid tumorigenesis [5] . In fact, most of the ATCs harbored genetic mutations that could potentially dually activate the MAPK and PI3K/Akt pathways [6] . B-Raf V600E oncoprotein is a potent transforming factor that causes human thyroid cancer cell progression in vitro and in vivo [7] . The mutant B-Raf V600E protein results from a transversion (T1799A) in exon 15 of the B-Raf gene, which causes a valine-forglutamate substitution at residue 600 of the protein. This mutation induces a conformational change in the protein that constitutively activates the MAPK pathway (i.e. ERK1/2) [8] . Using RNA interference (siRNA) to knock down BRAF in human ATC cell lines, preclinical studies showed the importance of BRAF for intracellular MAPK signaling and proliferation, as tumor growth was significantly inhibited [9, 10] . These findings suggested that BRAF could be an effective target for thyroid cancer treatment.
Vemurafenib/PLX4032 is a selective small molecule inhibitor of B-RafV600E, showing a preferential inhibition of cell proliferation, migration, and invasion of BRAFV600E human ATC cell lines [10] [11] [12] [13] . Furthermore, vemurafenib decreased tumor growth and aggressiveness in an animal model using human ATC cell lines [11, 13] . Recently, a 51-year-old man with BRAF-mutated ATC responded well to vemurafenib, and showed nearly complete clearing of metastatic disease after 38 days' treatment [14] . Another case of an 80-year-old female patient with a BRAFV600E mutation bearing ATC showed an excellent and sustained response to single agent, vemurafenib, which may be able not only to induce rapid tumor regression, but also to sustain it in select instances, and the response was sustained for 61 weeks [15] . In addition, responses in patients treated with the BRAF inhibitor vemurafenib have exhibited modest activity. Direct inhibition of aberrantly activated BRAF (i.e., vemurafenib treatment) has shown some effectiveness, but only in a subset of patients and with the eventual development of resistance in most cases. In response to Pvemurafenib, selective RAF inhibitors such as vemurafenib can lead to paradoxically increased ERK signaling, especially in settings where there is upstream pathway activation, such as with RAS mutations and low to moderate RAF inhibitor doses [16] . Therefore, an unmet need remains: to develop additional molecularly targeted agents for treatment of these patients.
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-binding proteins and highly expressed in various metastatic tumour cells, involved in the regulation of various important cellular functions such as cell proliferation [17, 18] , invasion and migration [17, [19] [20] [21] , and cellcell communication [22] . In addition, S100A4 contributes to chemoresistance and inhibition of apoptosis in pancreatic cancer cells [23] . S100A4 overexpression was present in most advanced thyroid carcinomas and lymph node metastases, and was associated with poor prognosis [24] , and therapeutic targeting of S100A4 may successfully reduce local invasion and metastasis in thyroid carcinoma [22] . Furthermore, extracellular S100A4 consistently activated ERK signaling in thyroid cancer cells and induced PTEN/PI3K/AKT signaling in breast cancer cells, resulting in cell growth and migration [21, 25] . Targeting the BRAF and/ or MEK kinases also rely on reactivation of the RAS-RAF-MEK-ERK mitogen-activated protein kinase (MAPK) signal transduction pathway, on activation of the alternative, PI(3)K-AKTmTOR, pathway (which is ERK independent) [26] . We therefore suggested that combination targeting S100A4 and BRAF enforces the anti-tumor effect in ATCs.
It has demonstrated that the majority of BRAF-mutant thyroid cancer cell lines have proven to be resistant to vemurafenib, including ATC patients, and the reason for this disparity remains unclear. Herein, we report a novel resistance mechanism to vemurafenib in BRAF V600E/mt ATC cells, which is mediated via S100A4 dependent PI3K/AKT and ERK1/2 pathway and recovery from ERK1/2 activation inhibition by vemurafenib treatment. We also show that combination treatment with S100A4 knockdown and vemurafenib leads to marked increases in therapeutic efficacy in 8505C
(BRAFV600E/mt) in vitro and xenograft models. Taken together, our results indicate that combination treatment with S100A4 knockdown and vemurafenib could re-sensitize BRAF MT ATCs to vemurafenib and be potential novel treatment strategies for BRAF BRAFV600E/mt ATC.
Materials and Methods
Ethics statement
The study was conducted in accordance with the ethical standards and the Declaration of Helsinki and according to the national and international guidelines and was approved by the affiliated hospital of Qingdao University, Qingdao, China.
Cell lines 8505c BRAF
V600E/mt was obtained from the German Collection of Microorganisms and Cell Culture (DSMZ, Braunschweig, Germany). CAL62 BRAF V600E/wt was not obtained directly from the DSMZ repository, but analyzed for polymorphisms and confirmed versus published data [27] . SW1736 were purchased from CLS Cell Lines Service GmbH (Germany). The human metastatic ATC-derived cell line KAT18 V600E/wt were obtained from K. Ain (University of Kentucky, Lexington, KY). CAL62, 8505C and SW1736 were maintained in RPMI1640 medium and sodium bicarbonate (2.0 g/L). KAT18 was maintained in (DMEM) with sodium pyruvate (1 mmol/L) and sodium bicarbonate (2.2 g/L). ATC cell lines were supplemented with 10% fetal bovine serum (FBS) and Penicillin (100 units/ml)/streptomycin (100 μg/ml) (Gibco, Grand Island, NY, USA). The cells were maintained in continuous monolayer cultures at 37 °C and 5% CO 2 humidified incubator at 37°C, expanded up to 70-80% confluence and then employed for the experiments as described below. To avoid cross-contamination, cell lines were separately cultured in a sterile tissue culture hood, which was UV irradiated between each cell line, and a separate bottle of media was used for each cell line. All these cell lines matched their respective STR profiles shown in previously published studies [27, 28] , and/or in the German Collection of Microorganisms and Cell Cultures (DSMZ) and European Collection for Cell Cultures (ECACC) databases at all loci tested in common [29] .
Antibodies and reagents
The following antibodies were used: S100A4 (ab41532) ( Plasmids S100A4 human shRNA expression plasmids targeting S100A4-mRNA (pLKO.1-S100A4 shRNA) and the control pLKO.1-shGFP plasmid (empty vector, RHS4080) were purchased from Open Biosystems (ThermoFisher Scientific, Waltham, MA, USA).The targeting sequence for S100A4-mRNA was 5'-GCUCAACAAGUCAGAACUAAA-3', RHS3979-9620807. The pCMV6-XL5-S100A4 cDNA (abbreviated as pCMV-S100A4) expression plasmid and control plasmid pCMV6-XL5 (pCMV) were purchased from OriGene Technologies. pCMV6-HA-Akt expression vectors were constructed from OriGene Technologies. pCDNAMyc-pERK for ATC expression were obtained from Addgene. They are used for ATC cell re-expressing AKT or ERK. To construct the RhoA expression vector, the full-length wild type cDNA of human RhoA gene was subcloned into the expression vector pCMV6-XL5 (OriGene Technologies), and resulting clones were sequenced for the confirmation of successful subcloning of WT-RhoA cDNA (pCMV-RhoA).
Generation of S100A4-shRNA or S100A4-cDNA or others model cells ATC cells stably expressing S100A4-shRNA (short hairpin RNA) were generated using the Lipofectamine 2000 CD (Invitrogen) reagent and were selected with G418 selection (400 μg/mL). The targeting sequence for S100A4-mRNA was 5'-GCUCAACAAGUCAGAACUAAA-3', RHS3979-9620807. Transient knockdown of S100A4 was achieved using siGenome SMARTpool siRNA (Thermo Fisher Scientific Dharmacon, Waltham, MA, USA).
To conduct the cells re-expressing S100A4-cDNA, ATC cells were transfected with either control pCMV6-XL5 vector or pCMV-S100A4 plasmid. Transfections were performed with Lipofectin 2000™ according to the manufacturer's protocol, and confirmed by Western blotting.
For analysis of RhoA/ROCK1/2 or AKT or ERK pathway activation, the stable S100A4-shRNA transfected ATC cells were re-transfected with either control vector or pCMV-RhoA or pCMV6-HA-Akt or pCDNA-Myc-pERK expression plaismids using Lipofectin 2000™ according to the manufacturer's protocol and confirmed by Western blotting. All plaismids were utilized at a final concentration of 100 nM. Cells were transfected for 48 h before subsequent treatment or analysis.
Inhibitor treatments Y27632, U0126,MK-2206 were prepared as 10 mM stock solutions in DMSO, following the manufacturer's instructions. For analysis of RhoA/ROCK1/2 or AKT or ERK pathway inhibition, the ATC cells were treated with 10μM doses of inhibitors (Y27632, U0126, MK-2206 or triple-drug together) for 6 h (after 6 hours' treatment, RhoA/ROCK1/2, Akt and ERK phosphorylation was completely inhibited) , then transfected with pCMV6-XL5 vector or pCMV-S100A4 plasmid for 48 h, respectively. For analysis the effect of S100A4 knockdown or/and vemurafenib on ATC cells, the ATC cells or S100A4 shRNA transfected ATC cells were treated with 2μM doses of vemurafenib for 72h.
Western blot assay
Cell lysis and protein sample preparation was carried out as previously described [30] . Western blotting analysis was performed using standard techniques as described previously [31] , using the following antibodies: anti-S100A4, anti-BRAF, anti-pAKT (Ser473), anti-pERK1/2(T202/Y204), anti-RhoA (sc-418), anti-pROCK1/2, anti-k67, anti-AKT and anti-ERK1/2. The probe proteins were detected using an enhanced chemiluminescence system (Amersham Life Sciences) according to the manufacturer's instructions.
Transwell migration
Transwell migration assays were assayed as previously described [34] . Briefly, treated ATC cells (10 5 cells) in different groups were seeded onto transwell inserts (8 μm pore; Costar, Corning, NY) coated with 0.2% gelatin, respectively. 24 hs later, the cells that had invaded the Matrigel and moved to the other side of the membrane were fixed and stained as in the migration assays. We typically observed 100-150 cells/field for control conditions. Each experiment was repeated in triplicate and the results were averaged. Statistical analysis was done using the Student's ttest.
Matrigel invasion assay
Invasion assay was performed in Corning Transwell inserts coated with Matrigel. Treated ATC cells (10 5 cells) in different groups were seeded at a density of 1 × 10 5 per insert and cultured overnight. After 16 h of serum starvation, the cells were trypsinized, re-suspended in the low serum media. After 24 hr, the chambers were washed with PBS twice and the cells on the apical side of each inserts were scraped off. Cells on the top of the chamber were removed and cells that invaded through the Matrigel were fixed with cold methanol, stained with DAPI, and counted. The total number of migrated cells was determined by light microscopy. One way Anova followed by Students t test was used to compare the effect of treatment to the control.
Xenograft experiments
All animal work was done at the Affiliated Hospital of Qingdao University (Qingdao, China) in accordance with federal, local, and institutional guidelines. Mice were kept in isolated ventilated cages, fed ad libitum in a 12/12 hours cycle of light and dark. 6 weeks Female nude mice (Animal Research Center, Shanghai, China) of age were used to generate the xenograft tumor models. 5x10 6 [8505C/SW1736 (S100A4 shRNA or scramble shRNA) 8505C/SW1736] cells in 10 μL of serum-free RPMI medium were injected subcutaneously, respectively. 4-5 weeks after implantation for 8505C cells (3-4 weeks for SW1736 cells), when the average tumor volume reached approximately 100~ 250 mm 3 volume, the animals received either 120 mg/kg vemurafenib (oral gavage) or vehicle control (contained 3% DMSO and 1% methylcellulose) twice daily for 15 days as previously described [35] . Tumor size measurements and monitoring for signs of toxicity by body weight loss were performed at least twice a week. Tumor volume was calculated using the formula V = (π/6)×length×width×height. Three hours after the last treatment, animals were sacrificed and tumors and lungs were removed and embedded into paraffin blocks. Formalin-fixed/paraffin-embedded lungs were cut at 5 μm thickness, sections were hematoxylin and eosin (H&E), stained and lung foci were counted. Standard hematoxylin and eosin (H&E) staining of paraffin-embedded tissue was performed for histological examination and analyzed by immunohistochemistry.
Histological and Immunohistochemical Analysis
Fresh tumors in each group were resected on three hours after the last treatment, fixed in formalin, embedded, cut, and mounted. Hematoxylin and eosin stained sections were evaluated by a pathologist in a blinded manner and processed for immunohistochemical analysis (IHC) according to the manufacturer's instructions. IHC was performed using Ki-67, S100A4, pAKT, and pERK antibodies. Annexin-V and terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling (TUNEL) assay was performed as described previously [36] . Positive cells with TUNEL staining were quantified from the average of three representative 
Statistical analysis
Statistical analysis was performed using the SPSS software, version 22.0. The results were expressed as the mean ± standard deviation. For in vitro experiments and animal studies, t-test or one-way ANOVA followed by a Bonferroni post hoc test was used to calculate the P values. A p-value ≤ 0.05 is considered to be statistically significant.
Results
Targeting S100A4 induces apoptosis and inhibits survival, migration and invasion of ATC cells
To determine the effect of S100A4 on ATCs, we first detected the S100A4 expression in the 4 ATC cell lines, 8505C
(BRAFV600E/wt) and Cal-62 (BRAFV600E/wt) . We found that 8505C (BRAFV600E/mt) and Cal-62 (BRAFV600E/wt) showed significantly higher baseline expression of S100A4 protein than the SW1736 and KAT18 cells (Fig. 1A) . We used S100A4 shRNA and scrambled shRNA against S100A4 in 8505C and Cal-62 cells, and found 48 hs after transfection with S100A4 shRNA, but not with the scrambled shRNA, diminished S100A4 protein levels (Fig. 1B ) in 8505C and Cal-62 cells.
Likewise, we used pCMV6-XL5-S100A4 cDNA (abbreviated as S100A4 cDNA) and control plasmid pCMV6-XL5 (empty vector) to transfected SW1736 and KAT18 cells (low endogenous S100A4), and found 48 hs after transfection with S100A4 cDNA upregulated S100A4 protein levels, compared to the empty vector transfection (Fig. 1C) .
Compared to parental cells carrying empty vector (8505C -empty, Cal-62 empty), targeting endogenous S100A4 in 8505C cells and Cal-62 exhibited a growth inhibitory effect by MTT assays (Fig. 1D) ; Conversely, S100A4 overexpression in SW1736 and KAT18 significantly increased cell proliferation, leading to more than a 1.36-fold increase in cell number compared to vector controls after 3 days of culture (Fig. 1D) . These results were consistent with the BrdU incorporation assays which showed that the percentage of BrdU positive cells was significantly decreased in S100A4 knockdown cells and significantly increased in S100A4-overexpressing cells (Fig. 1E) . Similarly, flow cytometric analysis showed that significantly more apoptotic sub-G1 phase and annexin V positive cells were detected on S100A4 knockdown in both 8505C and Cal-62 cells (Fig. 1F-1G ). Whereas S100A4 overexpression in SW1736 and KAT18 cells did not affect the sub-G1 phase and annexin V positive cells (Fig. 1F-1G ).
The result from Matrigel invasion (Fig. 1H )and Transwell migration (Fig. 1I ) assay indicated that S100A4 knockdown significantly inhibited invasion of 8505C cells and Cal-62 cells by 52%,40% and 56%,42%, respectively, as compared to scrambled shRNA transfected cells. However, S100A4 overexpression significantly increased the invasion of SW1736 and KAT18 cells by 48%, 53% and 43%, 48%, respectively, as compared to empty-vector transfected cells (Fig. 1H-1I ).
Targeting S100A4 induces apoptosis and decreases invasion in ATC cells and is reversed by re-activation of AKT or /ERK or ROCK pathways
RhoA/ROCK, PI3K/Akt and Ras/MEK/ERK are three of the most frequently hyperactivated pathways in cancer cells. The S100A4 overexpression is known to signal via these signals, leading to enhanced invasion, proliferation and resistance to apoptosis. We then investigated the mechanisms by which targeting S100A4 blocks growth, migration and invasion of ATC cells.
The baseline expression of pAkt, pERK, RhoA/ROCK levels were detected in 8505C and Cal-62 cells by western blot assay. The 8505C and Cal-62 cells had rich expression of 
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Cellular Physiology and Biochemistry baseline pAkt, pERK, RhoA/ROCK levels, which was blocked by S100A4 shRNA transfection in 8505C cells (8505C/ S100A4 shRNA) and Cal-62 cells (Cal-62/S100A4 shRNA) ( Fig. 2A) . We therefore investigated whether re-expressing these three pathways by using selectively overexpressed constitutively active forms of pCDNA-Myc-pERK, pCMV6-HA-Akt, pCMVRhoA vector transfection may affect the sensitivity of 8505C and Cal-62 cells to S100A4 knockdown-induced apoptosis and invasion inhibition. As expected, transfection of the 8505C/S100A4 shRNA and Cal-62/S100A4 shRNA cells with these vector reversed the phosphorylation of pAkt, pERK, RhoA/ROCK in both of the cells (Fig. 2B) .
The constitutively active forms of pCDNA-Myc-pERK and pCMV6-HA-Akt, but not pCMVRhoA significantly reduced S100A4 knockdown-induced apoptosis of 8505C and Cal-62 cells (Fig. 2C-2D) . Similar results were obtained using MTT cell survival assay (Fig. 2E) and BrdUrd incorporation assay (Fig. 2F) . In addition, combined transfection of pCDNA-Myc-pERK and pCMV6-HA-Akt could not completely restored S100A4 knockdown-induced apoptosis and cell survival(data not shown).
In addition, the constitutively active forms of pCMV6-HA-Akt or pCMV-RhoA, not pCDNA-Myc-pERK significantly, but partly restored S100A4 knockdown-induced invasion and migration in 8505C and Cal-62 cells (Fig. 2G-2H ). Furthermore, combined transfection of pCMV6-HA-Akt and pCMV-RhoA could not completely restored S100A4 knockdowninduced inhibition of invasion and migration (data not shown). These results suggest that S100A4 may be preferentially required for survival in ATC cells with higher activities of the Akt and ERK pathways, but required for invasion and migration with higher activities of the Akt and ROCK pathways.
S100A4 promotes proliferation and invasion in ATC cells and is reversed by inhibitors of AKT or ERK or RhoA/ROCK pathways
It has showed above that introduction of the S100A4 cDNA into SW1736 and KAT18 cells (low endogenous S100A4) accelerated their proliferation rate, migration, and invasion. We then investigated the mechanisms by which S100A4 promotes the effect in SW1736 and KAT18 cells. We found that S100A4 overexpression activated all the pAkt, pERK, RhoA/ ROCK signaling (Fig. 3A) . However, treatment of the S100A4 cDNA /SW1736 and S100A4 cDNA/ KAT18 cells with 10μM doses of inhibitors for 72 h (Y27632 or U0126 or MK-2206) inhibited phosphorylation of their corresponding downstream targets (data not shown). Y27632 treatment alone did not affect cell proliferation (Fig. 3B-3C ) but partly reduced cell invasion (Fig. 3D) and migration (Fig. 3E) . U0126 treatment alone did not affect cell invasion (Fig. 3D) and migration (Fig. 3E) , but partly reduced cell proliferation (Fig. 3B) . Treatment of MK-2206 alone partly reduced cell proliferation (Fig. 3B-3C ), invasion (Fig. 3D) and migration (Fig. 3E) . It was indicated that S100A4 promoted cell proliferation and growth mainly by activation of Akt and ERK pathways, and promoted invasion and migration mainly by activation of Akt and ROCK pathways.
S100A4 knockdown-vemurafenib combination treatment in 8505C and SW1736 cells
8505C and SW1736 cells were treated with vemurafenib (0.1μM, 1μM and 5μM) for 72 h. The cell viability in vitro by MTT with vemurafenib treatment for the 8505C and SW1736 cells are shown in Fig. 4A . Vemurafenib inhibited cell viability in dose-dependent manner in both 8505C and SW1736 cells. We then performed an apoptosis assay by flow cytometry using annexinV and Propidium Iodide (PI). Both of the cell lines showed no increased apoptosis (Fig. 4B) . In addition, treatment of 8505C and SW1736 with vemurafenib increased invasion and migration rates (Fig. 4C-4D) . However, when combined with S100A4 knockdown and vemurafenib treatment, cell apoptosis was significantly increased, and cell viability, invasion and migration was significantly decreased compared to the individual treatment (Fig. 4A-4D ). Scrambled shRNA transfection has no effect on 8505C and SW1736 cells following vemurafenib treatment (data not shown).
It has shown that concentration of 2 μM was a clinically achievable blood and tissue concentration for vemurafenib [37] . So we used concentration of 2 μM of vemurafenib Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry treatment to understand the mechanism underlying the inhibition vemurafenib or/and S100A4 knockdown. Phosphorylation of ERK(p-ERK) is a key step down stream of BRAF and MEK in the signaling of the MAP kinase pathway and is widely used as a measure of the signaling activity of this pathway. We therefore examined the effect of the vemurafenib on the pERK in 8505C and SW1736 cell lines. As shown in Fig. 4E -4F in both 8505C and SW1736 cells, 2 μM of vemurafenib for 24 hs caused and maintained complete inhibition of BRAF. Vemurafenib at a concentration of 2 μM deminished pERK activity at early 2 hs, and reached the lowest at 4 h, then the pERK activity was gradually increased and reached the highest at 48 h (Fig. 4E-4F ). And in the SW1736 cells, pERK activity was completely inhibited at early 2 hs, then gradually increased and reached the highest at 24h and maintained at 48hs (Fig. 4E-4F ). Furthermore, we found that vemurafenib treatment gradually elevated p-Akt levels in both of the cells (Fig. 4E-4F ). It is possible that this recovery from ERK activation inhibition or activation of AKT in both of the cells is related to the resistance of vemurafenib. Although ERK and AKT was activated with vemurafenib treatment in both of the cells, they were completely blocked in combination with S100A4 knockdown and vemurafenib treatment in both of the cells (data not shown). Vemurafenib treatment alone did not affect cell apoptosis, but inhibited cell growth in both of the 8505C and SW1736 cells. To understand the mechanism underlying the inhibition, we investigated the effect of vemurafenib on cell cycling. Upon cell cycle analysis, 76% and 80% of untreated 8505C and SW1736 cells were in S phase and 16% and 19% in G1/G0, indicative of rapid proliferative growth. However, treatment with vemurafenib caused 40% and 43% of cells arrested in G1/G0 and 36% and 39% in S phase with a significant increase in the G1/S ratio upon vemurafenib treatment in 8505C and SW1736 cells, respectively. Therefore, the inhibition of 8505C and SW1736 cell growth by vemurafenib was mainly through cell cycle arrest but not cell apoptosis.
We evaluated whether vemurafenib inhibited growth of 8505C and SW1736 cells by inactivation of pERK.
As shown in Fig. 4G , vemurafenib inhibited pERK in both of the cells, and vemurafenib treatment inhibited tumor cell viability and proliferation, but produced relatively minimal effects when 8505C and SW1736 cells were treated with combined vemurafenib 2μM and 10μM dose of U0126 for 72 h (Fig. 4H-4I ).
To confirm that pAKT activation drives vemurafenib resistance in 8505C and SW1736 cells, 8505C and SW1736 cells were treated with combined vemurafenib 2μM and 10μM dose of MK-2206 for 72 h and measured their rate of viability and proliferation. As shown in Fig. 4G , vemurafenib inhibited pAKT in both of the cells, and combined treatment was significantly reversed cell viability and proliferation in vemurafenib alone treated 8505C and SW1736 cells (Fig. 4H-4I ). In addition, combined treatment was significantly reverse cell viability and proliferation in S100A4 shRNA treated 8505C and SW1736 cells (Fig. 4H-4I) . These results confirmed that activation of pERK and pAKT makes 8505C and SW1736 cells require resistance. Furthermore, S100A4 knockdown sensitized 8505C and SW1736 cells to vemurafenib-induced growth inhibition by inhibition of pERK and pAKT.
We next evaluated whether vemurafenib promoted invasion and migration in 8505C and SW1736 cells by activation of pERK and pAKT. As shown in Fig. 4J-4K , combined vemurafenib and U0126 produced relatively minimal effects on vemurafenib-induced invasion and migration. Whereas combined vemurafenib and MK-2206 treatment produced significant inhibition effects on vemurafenib-induced invasion and migration, indicating that vemurafenib promoted invasion and migration by mainly activation of pAKT signals in 8505C and SW1736 cells.
S100A4 knockdown enhances the antitumor effect of vemurafenib in vivo
To confirm our in vitro observations in vivo, the mice bearing palpable 8505C or SW1736 tumors, S100A4 shRNA/vehicle transfected 8505C or SW1736 tumors receive vemurafenib treatment. Due to a lack of toxicity, a maximum tolerable dose for PLX4032 was not reached in mice. Yang et al. [35] selected a dose of 100 mg/kg bid was as the highest dose to be tested in efficacy studies. In our pre-experiment, no significant improvement of the therapeutic effect was noted at 120 mg/kg with respect to 240 mg/kg, indicating that maximal therapeutic efficacy was already achieved at 120 mg/kg. So we selected a dose of 120 mg/kg bid for further study.
Vemurafenib treatment alone inhibited tumor growth, but the difference was not significant, suggested that vemurafenib alone was partly susceptible to tumor growth (Fig.  5A-5B ). In addition, S100A4 shRNA/8505C tumors grew slowly relative to the untreated, but the difference in growth between S100A4 shRNA/tumors and untreated tumor was not significant, suggested that S100A4 shRNA alone has part of the effect on tumor growth in 8505C cells (Fig. 5A ). S100A4 shRNA had no effect on SW1736 tumors growth (Fig.  5B) . Consistent with results obtained in cultured cells, we observed a dramatic response to combined S100A4 shRNA and Vemurafenib treatment. Combination-treated animals exhibited an enhanced tumor response (Fig. 5A-5B ). In addition, the body weight of the treated mice was not significantly different from that of the control mice.
Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry
To further assess proliferation and apoptosis in 8505C tumors in vivo, Ki-67 and TUNEL immunohistochemistry was performed. We observed a significant decrease in the proliferation index (stained nuclei per field) from 64.6% ± 9% in untreated tumors to 8.6 ± 2.8% in combination of S100A4 shRNA and vemurafenib treated tumors (Fig. 5C) . S100A4 shRNA or vemurafenib alone led to a lower proliferation index decrease than combined treatment (Fig. 5C) . TUNEL staining revealed a significant increase of apoptotic cells in the combine treated mice compared to the S100A4 shRNA or vemurafenib alone. Finally, we analyzed the gene expression of S100A4, BRAF, pERKT and pAKT of response to vemurafenib or/and S100A4 shRNA treatment. As shown in Fig. 5C , tumor growth inhibition was associated with a remarkable reduction of nuclear reactivity for pERK or/and pAkt in both vemurafenib and S100A4 knockdown combination treatment in 8505C tumors (Fig.  5C ) compared to the vemurafenib or S100A4 shRNA treatment alone. Vemurafenib and S100A4 knockdown combination treatment in SW1736 cells has the same results as that in 8505C tumor in vivo (data not shown).
We planned to investigate the effect of vemurafenib or/and S100A4 knockdown combination treatment on lung metastases of our models with subcutaneous approaches, but we did not detect the presence of pulmonary metastases in untreated model within 5-6 weeks, indicating that subcutaneous approaches is not easy to construct lung metastases of our models. Therefore we have not assessed the response of vemurafenib or/and S100A4 knockdown combination on lung metastases of our models.
Discussion
Potent inhibitors of BRAF V600E
, such as vemurafenib, show great promise for treatment of BRAF V600E -positive thyroid cancer. However, the rapid development of acquired resistance presents a significant therapeutic challenge to cancer patients receiving vemurafenib [38] . Single-compound approaches might fail in treating aggressive thyroid tumors, which depending on more than one altered pathway (and/or rapidly develop resistance via feedback mechanisms [39, 40] . For example, vemurafenib showed transient growth inhibition in thyroid cancer cells via targeting MEK1/2-ERK1/2 signal and quickly developed resistance via activation of ErbB/HER pathway [39] . However, the combined treatment of MAP-ERK kinase inhibitors and HER kinase inhibitor sensitizes BRAF-mutant thyroid cancer cells [39] . Similar synergistic effects were observed in others studies targeting MAPK and AKT pathways in thyroid cancer cell lines harboring both the activating BRAF V600E and PIK3CA mutations [41] , suggesting that combinatorial therapies are expected to be more successful in treating aggressive thyroid cancers.
Previously studies have shown that PIK3CAH1047R mutations and BRAFV600E collaborate to promote rapid PTC formation and eventual ATC progression. Therefore, targeting both the Pi3′-kinase→AKT→mTOR and RAF→MEK→ERK pathways is a good rational to tackle aggressive forms of thyroid cancer. S100A4 is not only a metastatic protein but also an oncoprotein that plays a critical role in the development of tumors. Depletion of S100A4 resulted in impaired proliferation and invasive capacity, including thyroid cancer [17, 21, 42] , suggesting the importance of S100A4 in progressive phenotypes of cancers. Our in vitro study showed that targeting S100A4 in 8505C and Cal-62 cells decreases cell proliferation, invasion and migration and increases cell apoptosis. Whereas, S100A4 overexpression promotes cell proliferation, invasion and migration, but not affect cell apoptosis in SW1736 and KAT18 cells. Our in vitro findings are consistent with previous in vitro studies [17] .
The PI3K/AKT pathway, often activated in thyroid cancer, has a fundamental role in thyroid tumorigenesis [43, 44] . This signaling pathway regulates cell growth and proliferation, cell motility, survival, and be as a therapeutic target in human cancers have been extensively investigated [45, 46] . Normal MAPK/ERK function is responsible for tumor suppression through induction of senescence and ubiquitinization and degradation of proteins necessary Cellular Physiology and Biochemistry
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for cell cycle activity and survival. ERK phosphorylation results in the activation of multiple substrates that are responsible for stimulation of cell proliferation [47] . In our study, AKT and ERK was activated in 8505C and Cal-62 cells. In S100A4 knockout 8505C and Cal-62 cells, AKT and ERK phosphorylation was inhibited, followed by defective proliferation, invasion, migration and increased apoptosis. To test the possibility that S100A4 knockout on these effect is associated with the inactivation of AKT and ERK signaling pathway, the constitutively active forms of pCDNA-Myc-pERK and pCMV6-HA-Ak were employed. We observed that restoration of AKT alone or ERK alone significantly, but partly, reversed the anti-proliferation and pro-apoptosis effect. Furthermore, combined treatment of pCDNAMyc-pERK and pCMV6-HA-Akt could not completely restored the effect of S100A4 knockout.
We also observed that restoration of AKT alone significantly, but partly, reversed the antimetastatic effect. Whereas, restoration of ERK alone could not reversed the anti-metastatic effect, suggesting that there are other S100A4-regulated signals took part in the regulation of cell growth and invasion.
To test the possibility that S100A4 overexpression on these effect is associated with the activation of AKT and ERK in SW1736 and KAT18 cells, 10μM doses of inhibitors (U0126 or MK-2206) was used. We observed that S100A4 overexpression increased the phosphorylation of ERK and AKT, followed by increased proliferation, invasion and migration of SW1736 and KAT18 cells. However, preincubation of the cells with the U0126 or/and MK-2206 resulted in only minimal residual ERK and AKT-phoshorylation, and reduced the proliferation effect.
ROCK, which exists in two isoforms, ROCK1 and ROCK2, is a downstream effector of RhoA. It was reported that ROCK is critical in controlling migration, proliferation, cell apoptosis/ survival, gene transcription and differentiation [48] . A recent study showed that RhoA signal could be regulated by S100A4 [49] . In the present study, we found that RhoA/ROCK1/2 was activated in 8505C and Cal-62 cells, S100A4 knockout reduced RhoA/ROCK1/2 expression. Restoration of RhoA/ROCK1/2 by constitutively active forms of pCMV-RhoA significantly reversed the anti-metastasis effect of S100A4 knockout. But restoration of RhoA/ROCK1/2 did not affect cell proliferation and apoptosis of S100A4 knockout cells. RhoA/ROCK1/2 was activated in the SW1736 and KAT18 cells overexpressing S100A4. 10μM doses of ROCK2 inhibitors Y27632 was sufficient to inhibited invasion and migration, but proliferation and apoptosis of SW1736 and KAT18 cells overexpressing S100A4 was not affected. These results suggest that S100A4 may be preferentially required for survival in ATC cells with higher activities of the Akt and ERK pathways, but required for invasion and migration with higher activities of the Akt and ROCK pathways. Therefore, targeting S100A4, resulted in AKT, ERK and ROCK signals inactivation, inhibited cell proliferation and metastasis.
Vemurafenib is the selective RAF inhibitor that was used for patients with BRAF V600E metastatic melanoma. However, resistance to BRAF V600E inhibitors has recently emerged as a major therapeutic challenge in eradicating melanoma [50] . Furthermore, the majority of BRAF-mutant thyroid cancer cell lines have proven to be resistant to vemurafenib, and the reason for this disparity remains unclear.
In our study, we found that Vemurafenib treatment inhibited 8505C and SW1736 cell proliferation and caused cell cycle arrest in a dose-dependent way. But it did not affect cell apoptosis, indicating Vemurafenib inhibited cell proliferation by cell cycle arrest. In addition, Vemurafenib did not inhibit invasion and metastasis of 8505C and SW1736 cell, but enhanced this effect, resulting in no further clinical benefit of the drug. This was not rather expected. Previous study has reported that the stromal cell secretion of hepatocyte growth factor (HGF) confers resistance to BRAF inhibitor therapy by activation of the MAPK and the PI3K/AKT signaling, and reversed this resistance by combining a BRAF inhibitor with HGF and/or HGF receptor (MET) inhibitor [51] . Recent study has reported that Vemurafenib treatment significantly increased levels of p-AKT, which made the cells acquired the resistance to Vemurafenib [52] . In our study, pERK levels was significantly reduced at 2-4 h after Vemurafenib treatment, then the pERK levels was gradually increased and reached the highest levels at 48 h for both of the 8505C and SW1736 cells. Furthermore, p-Akt levels in both of the cells was gradually increased and reached the highest levels at Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry 24h and maintained at 48 hs. Jin et al. [41] has found that combined targeting of ERK and PI3K signaling potently inhibits growth in preclinical models in thyroid cancer. We next determined whether targeting ERK and PI3K signaling resulted in the same results. The 8505C and SW1736 cells treated with vemurafenib/U0126 or vemurafenib/MK-2206 or vemurafenib/U0126/MK-2206 for 72h resulted in the blockage of ERK and PI3K expression, and reversed the cell viability and proliferation, and confirmed that activation of pERK and pAKT makes 8505C and SW1736 cells require resistance. In addition, 8505C and SW1736 cells treated with vemurafenib /MK-2206, but not vemurafenib/U0126 reversed the cell invasion and migration, suggesting that activation of pAKT promoted cell invation in vemurafenib-treated cells. The former has proved that targeting S100A4 could efficiently block pAKT and pERK expression. In our study, combined S100A4 knockout and vemurafenib treatment completely blocked the re-activation of pAKT and pERK in 8505C and SW1736 cells in vitro. Furthermore, systemic vemurafenib in combination with S100A4 knockout treatment resulted in enhanced antitumor activity vs vemurafenib or S100A4 in vitro alone. Vemurafenib was shown to be effective in most metastatic melanoma patients with the BRAF V600E mutation [53] . Vemurafenib has been also used in a patient with ATC (BRAF V600 E mutation) for 28 days, resulted in nearly complete clearing of metastatic disease [14] . In addition, responses in ATC patients treated with vemurafenib have exhibited modest activity [15] . We used the subcutaneous approaches to construct Xenograft of 8505C and SW1736 cells and study the effect of Vemurafenib on Xenograft tumors. Our implantation of human 8505C ATC cells into SCID mice leads to the formation of thyroid tumors (100-250 mm 3 ) within four to five weeks post-implantation simple to the previous reports [54, 55] . The SW1736 cells need 3-4 weeks to form the thyroid tumors (100-250 mm 3 ). After 120 mg/ kg vemurafenib treatment twice daily for 15 days, tumor size was decreased in both of the model as compared to vehicle treatment, however, there's no difference between the two groups, indicating that vemurafenib alone could not significantly enhance antitumor activity. S100A4 has found to induce migration and invasion in vitro and metastasis in vivo in human colon cancer cell lines and tumors [56] . In prostate cancer (CaP) cells, S100A4-siRNA-transfected cells exhibited a reduced rate of tumor growth under in vivo conditions [17] . In our study, we observed that S100A4-shRNA-transfected 8505C cells with high S100A4 expression exhibited a less reduced rate of tumor growth in vivo as compared to vehicle treatment; In the S100A4-shRNA-transfected SW1736 cells with low S100A4 expression, no significant growth inhibition was observed as compared to vehicle treatment. It is suggested the targeting S100A4 alone could not significantly inhibit ATC tumors in vivo. However, combined treatment of S100A4-shRNA and vemurafenib resulted in more enhanced antitumor compared to the treatment alone in this preclinical model.
To further determine the mechanism by which S100A4-shRNA alone or vemurafenib alone or combination treatment on Xenograft tumor growth, we first detected the cellular signaling in Vemurafenib -treated vs. untreated by IHC in dissected tumor specimens. Vemurafenib treated tumors exhibited negative BRAF staining, positive pErk and pAKT staining, suggesting that pErk and pAKT was not completely inhibited to vemurafenib in 8505C and SW1736 tumors. However, pErk and pAKT staining was negative in S100A4shRNA alone and S100A4shRNA/vemurafenib treated tumors. In addition, combined treatment of S100A4shRNA and S100A4shRNA results in a synergistic increase in TUNEL-positive cells and decrease in percentage Ki-67-positive cells. Therefore, combined treatment inhibits ERK1/2 and AKT activation following vemurafenib treatment and reversed the vemurafenib resistance. This therapeutic combination may be of benefit in patients with ATC.
Previous study has found that Vemurafenib treatment inhibited lung metastasis in metastatic melanoma [50] . But in our study, subcutaneous approaches could not produce lung metastasis model likely because of ectopic anatomical context. This was consistent with the previous report [57] . Many studies have reported that only orthotopic models could recapitulate metastatic behavior with sufficient penetrance and reproducibility [57, 58] . However, whether 8505C and SW1736 cells could produce orthotopic metastasis models, Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry and whether Vemurafenib or/and S100A4 shRNA has orthotopic anti-metastasis ability in vivo need further investigation in the future.
Conclusion
In summary, targeting S100A4 inhibits tumor growth in ATC in vitro, which could be mainly due to apoptosis associated with ERK1/2 and AKT signaling inactivation. Targeting S100A4 also inhibits tumor invasion and migration in ATC in vitro, which could be mainly associated with RhoA/ROCK and AKT signaling inactivation. Vemurafenib treatment inhibits cell viability and proliferation, but promotes cell invasion and migration in vitro.
Vemurafenib alone did not blocks tumor growth in vivo. Vemurafenib activates ERK1/2 and AKT signaling and makes the ATC cells resistant to Vemurafenib treatment. Combined treatment with S100A4 knockout and Vemurafenib reversed the vemurafenib resistance by inactivation of ERK1/2 and AKT signaling in vitro and in vivo. The data provide further evidence that targeting of targeting S100A4 is an attractive therapeutic strategy for ATC cells to sensitize vemurafenib treatment. In this context, genetic-guided combinational use of S100A4 knockout and vemurafenib may prove to be a particularly effective treatment for this cancer, which warrants a clinical trial.
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